INTRODUCTION
Na + /H + exchangers (NHEs), a family of transmembrane proteins located on the apical and basolateral epithelial membranes, display not only various tissue distributions and cellular localizations but also diverse physiological roles [1] . Of the ten mammalian NHEs isoforms, NHE1, NHE2, NHE3 and NHE8 have been identified in the intestinal epithelia. NHE1 involves in the maintenance of intracellular pH homeostasis and cell differentiation [2] . NHE2 and NHE3 are mainly localized at the apical membranes in both the intestine and kidney [3] . Compelling evidences indicated that NHE3 and NHE8 are the predominant NHEs for electrolyte/fluid absorption and secretion in intestine [3, 4] . However, NHE2 barely compensates for the loss of NHE3 in the term of sodium absorption [5] . NHE8 is highly expressed in neonates in both the kidney and intestine when NHE3 expression is very low [6, 7] . Xu et al. demonstrated that NHE8 plays a compensatory role for the loss of NHE activity in NHE2X3 double knockout mice [8] . Moreover, pooled evidences showed that NHE8 might contribute to gastrointestinal mucosa protection [9, 10] . Liu et al. [11] showed that NHE8 plays a role in mucus layer formation, which is important for preventing bacteria from adhering to the epithelial surface in infectious mice. Our previous study showed that NHE8 expression was decreased in mice with Dextran Sulfate Sodium (DSS) induced colitis [12] . Of note, enhancing NHE8 level by somatostatin could ameliorate diarrhea symptoms and intestinal inflammation in DSS colitis [12] . The mechanisms that underlie the pathophysiology of diarrhea in infectious colitis are
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Lei X et al complex. It is uncovered that diarrhea is correlated with the activation of cAMP and cGMP in intestinal tract [13] , and whether NHE8 plays a role in the pathology of infectious colitis has not be determined.
Somatostatin (SST) is a prominent neuropeptide that is widely distributed throughout the central nervous system and peripheral organs. Interacting with its five somatostatin receptor (SSTR) subtypes, SST functions as a neurotransmitter and hormone to produce a broad spectrum of biological responses [14] . SST and its' analogue like octreotide were used to treat secretory and functional diarrhea associated with a variety of gastrointestinal diseases, such as chemotherapy-related diarrhea [15] and refractory diarrhea [16] .
In this study, we investigated the role of NHE8 expression in infectious colitis mice model for the first time. Our results showed that NHE8 expression was reduced in mice with infectious colitis. Up-regulation of NHE8 expression by SST could ameliorate the severity of infectious colitis.
METHODS

Bacterial strains
Enteropathogenic E. coli (EPEC, serotype O127:K63) was obtained from the China Center of Industrial Culture Collection (Beijing, China). Citrobacter rodentium (C. rodentium, CR) was purchased from American Type Culture Collection (Manassas, VA, America). Bacteria were cultured in LB broth at 37°C overnight. For the CR strain, 2.5×10 8 CFU/ml of bacteria were resuspended in in phosphate-buffered saline (PBS) before use. For the EPEC strain, 1×10
8 CFU/ml of bacteria were resuspended in MEM-NEAA medium before use [17] .
Cell culture
Caco-2 cells were obtained from American Type Culture Collection (Manassas, VA, America) and cultivated in MEM medium (Hyclone, Thermal scientific; MA, America), supplemented with 10% fetal bovine serum (FBS) (Gibco, life technologies; Carlsbad, CA, America), 1% penicillin/streptomycin and 1% non-essential amino acids (Hyclone, Thermal scientific; MA, America). For the bacterial infection study, Caco-2 cells were used at 80-90% confluence. Cells were exposed to 1×10 8 CFU EPEC in 10 ml of antibiotic-free MEM-NEAA medium for 1 h, and then treated with SST (1 µM; Sigma-Aldrich, MO, America),SST receptor (SSTR) 2 agonist seglitide (1 µM; TOCRIS Bioscience, Ellisville, MO, America), or SSTR5 agonist L-817,818 (500 nM; TOCRIS Bioscience, Ellisville, MO, America), respectively. After washing three times with PBS to remove unattached bacterial, Caco-2 cells were harvested.
Establishment of an infectious colitis mouse model
Six to eight week old wide-type C57BL/6 mice were obtained from the Animal Experiment Center of West China Hospital (Sichuan, China). Mice were housed with adlibitum access to rodent food and water. In animal experiments, SST is limited due to its short half-life (a few minutes). For this reason, we used its analogue octreotide (Novartis Pharma Stein AG, Switzerland) which has a longer half-life (60-90 min). Mice were randomly divided into three groups: control, C. rodentium treated (CR), C. rodentium+octreotide treated (CR+Oct) groups (9-10 mice per group). Control mice were established by 200 µl LB medium gavage. CR and CR+Oct groups were established by 200 µl LB medium gavage for twelve consecutive days, and then were subcutaneous administered with saline for CR group or octreotide for CR+Oct group for three days (50 µg/kg body weight, three times per day). Mice were euthanized on the 15th day after the first gavage with CR or LB. Colonic tissues were collected for hematoxylin-eosin (H&E) and western blot detection. All animal study procedures were performed after receiving the approval of the Institutional Animal Care and Use Committee in Sichuan University (IACUC approval No. 2015006A).
Assessment the degree of diarrhea
Severity of colitis was assessed by diarrhea scores based on the shape, color and hardness of the fecal material. A score of 1 represents normal feces, a score of 2 represents exceptionally loose feces, a score of 3 represents loose yellow-green feces, and watery feces were given a score of 4. A score greater than 2 was considered to be diarrhea, as described previously [18] .
Somatostatin detection
To detect the concentrations of SST in the colonic tissue, all tissues were homogenized, then kept at -20°C until the radioimmunoassay (RIA) method was performed. The detection procedures were carried out in Beijing DORUN international Technology Co. Ltd. (Beijing, China).
Colonic histology observation
The middle part of the colon was removed and fixed in 4% phosphate-buffered formalin, embedded in paraffin, sectioned, and the sections were stained with hematoxylin-eosin (H&E). Histological analysis of colitis severity was assessed for aberrant crypt architecture, epithelial hyperplasia, epithelial damage and inflammatory cell infiltration, as described previously [19] . lyses buffer (Beyotime; Beijing, China). Protein concentration was measured by the Bradford method according to the manufactures' instruction (Beyotime; Beijing, China). Samples were separated on 8% SDS-polyacrylamide gel and transferred to PVDF membranes. Membranes were blocked with 5% fat-free milk in Tris-buffered saline containing 0.1% Tween 20 (TBS-T), followed by an incubation with primary antibodies: anti-NHE8 (kindly provided by Ghishan's lab, University of Arizona Health Science Center, Tucson, America), anti-pp38, anti-p38, anti-pERK, anti-ERK (R&D System, Minneapolis, America) and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (Goodhere, Hangzhou, China). Then, signals from immunoreactive complexes were detected with the BM Chemiluminescence western blotting kit (Roche Diagnostics; Indianapolis, IN, America). The ratio of NHE8 protein intensity to GAPDH protein intensity was used for protein expression quantitation.
Statistical analysis
Statistics were performed using SPSS 13.0 software. Data are presented as the means±standard deviation. For experimental data between two groups, unpaired Student's t-test was used. For experimental data among multiple groups, a one-way ANOVA was used. Differences were considered statistically significant when the p value was less than 0.05.
RESULTS
Establishment of infectious colitis models
The CR infected-mice are used to model diarrheal diseases in humans. Mice in the control group did not develop diarrhea at any time point. In CR-infected mice, the onset of diarrhea occurred at the third day post-infection with a diarrhea score of 2.33±0.52, and continually exacerbated throughout the experiment (Fig. 1A) . The CR-infected mice displayed an apparent trend of lower SST content compared to control mice (3.52±0.40 pg/ml in control group vs. 1.19±0.20 pg/ml in CR group; p<0.05) (Fig.  1B) . Histological observation indicated that the architecture of the epithelial layer was disrupted in the colon specimens after the CR infection (Fig. 1C) .
NHE8 expression in CR-infected mice and EPECinfected Caco-2 cells
To elucidate the role of NHE8 in infectious colitis, we analyzed NHE8 protein abundance by immunoblot analysis. As shown in Figs. 2A and 2B , CR-infected mice exhibited a significant decrease in intestinal NHE8 protein expression compared with control mice (0.59±0.05 in CR group vs. 0.94±0.20 in control group in the proximal colon; 0.26±0.06 in CR group vs. 0.56±0.13 in control group in the distal colon; p<0.05). Similarly, EPEC infection significantly reduced the NHE8 protein expression in Caco-2 cells (0.79±0.32 in EPEC-infected group vs. 1.57±0.10 in control group; p<0.05; Fig. 2C ).
Up-regulation of intestinal NHE8 ameliorates the severity of CR-induced colitis
After administrating with octreotide, a significant improvement in the diarrhea score was observed in octreotide treated CR-infected mice compared with CR-infected mice (1.67±0.82 in CR+Oct group vs. 3.50±0.55 in CR group; p<0.05) (Fig. 3A) , the epithelial layer structure was protected as well (Fig. 3B) . At the same time, the NHE8 protein expression was significantly increased in octreotide treated CR-infected mice compared with 
SST interacts with SSTR2, but not SSTR5, to regulate NHE8 expression in Caco-2 cells
To elucidate how SST regulated NHE8 in infectious colitis, we further examined the possible mechanisms in Caco-2 cells. Similarly, our data showed that SST could stimulate the NHE8 protein expression in EPEC-infected Caco-2 cells (1.15±0.22 in SST-treated group vs. 0.79±0.32 in EPEC-infected group; p<0.05; Fig. 2C ).
Previous studies identified that SSTR2 and (or) SSTR5 are involved in SST-mediated NHE8 stimulation [20, 21] . Thus, we further explored the role of SSTR2 and SSTR5 in SST-mediated NHE8 expression in EPEC-infected Caco-2 cells. As shown in Fig. 4 , seglitide significantly up-regulated the expression of NHE8 protein in EPEC-infected Caco-2 cells (0.79±0.32 in EPECinfected group vs. 1.11±0.23 in seglitide-treated group; p<0.05). However, L-817,818 had no effect on the NHE8 protein expression in EPEC-infected cells (0.79±0.32 in EPEC-infected group vs. 0.96±0.21 in L-817,818-treated group; p>0.05).
SST regulates NHE8 expression by suppressing phosphorylation of p38MAPK
A previous study elucidated that SST regulates NHE8 expression via the SSTR2-p38 mitogen-activated protein kinase (MAPK) pathway under normal physiological conditions [20] . Therefore, a western blot was performed to determine the involvement of the MAPK pathway in EPEC-infected Caco-2 cells. As shown in Fig. 5A , compared with control, EPEC significant activated the phosphorylation of p38 (0.62±0.08 in control group vs. 0.97±0.12 in EPEC-infected group; p<0.05). The phosphorylation of p38 was significantly reduced in SST-treated cells compared with EPECinfected cells (0.67±0.10 in SST-treated group vs. 0.97±0.12 in EPEC-infected group; p<0.05). However, the status of phospho-ERK1/2 did not changed in EPEC-infected group compared with control group (p>0.05, Fig. 5B ).
DISCUSSION
Many enteric pathogens like EPEC are known to induce diarrhea through altering electrolyte transport, which including the suppression of intestinal Na + absorption [22] . Of note, NHEs are implicated in sodium absorption, mucosal protection and inflammatory response. For example, NHE8 plays a role in maintaining the integrity of the gastrointestinal mucosa [9] [10] [11] . In fact, previous studies have suggested that NHEs directly contributed to EPEC-associated diarrhea [23] . Thus, facilitating the expression of NHEs might have beneficial effect on the management of infectious colitis. Our previous study clearly revealed that SST could stimulate gastrointestinal sodium absorption by increasing NHE8 expression but not NHE3 expression under normal physiological conditions [20] . Accordingly, we further examined the exact role of intestinal NHE8 in infectious colitis, and the effects of SST by modulating NHE8 in response to infectious colitis.
CR shares similar virulence factors with EPEC. Therefore, the CR infection in mice has been used as a model to study the molecular basis of EPEC in vivo [24] . Observations including mild diarrhea and body weight loss demonstrated that mice developed colitis by CR gavage. Moreover, the CR induced colitis mice exhibit a loss of colonic NHE8. A previous study documented that the number of SST-positive enteroendocrine cells was significantly decreased following a CR infection [25] , and our data also suggested that a decreased SST content was observed in infectious colitis mice compared with control mice. Of note, supplement of octreotide, a SST analog, could effectively increase the expression of NHE8 in CR infected mice. Meanwhile, the severity of infectious colitis was significantly ameliorated after up-regulating colonic NHE8 expression by octreotide. Therefore, facilitating colonic NHE8 expression is beneficial to restore intestinal mucosa integrity, which in accordance with previous studies [26, 27] .
Caco-2 cells infected with EPEC were applied to further explore the mechanisms of this protective effect. Previous study suggested that EPEC exerts a differential response on the activity of NHE isoform, with a significant activation of NHE2 and a marked inhibition of NHE3 activity [23] . However, no information about the effect of EPEC on NHE8 isoform has been discussed. The present study showed that an infection of Caco-2 cells with EPEC resulted in a significant inhibition of NHE8 expression. Treated with SST, EPEC-infected Caco-2 cells could restore the NHE8 expression. The concentration of SST used in our study was in accordance with previous studies, which have shown that SST at the physiological range (1-100 nM) profoundly blocked intestinal electrolyte secretion in vivo and in vitro [28, 29] .
SST induces its biological effects through binding to SSTRs. SSTR subtypes expressed in Caco-2 monolayers still have discrepancies among different studies [30, 31] . Our previous study showed that SSTR 1, 2, 4 and 5 were expressed in Caco-2 cells [20] . The difference among these studies may be attributed to the heterogeneity of the Caco-2 cell lines. Of note, previously published studies demonstrated that in rat colonic epithelium, SSTR2 and 5 mediated SST exert anti-secretory effects [32, 33] . Thus, the involvement of SSTR2 and 5 were further examined in SST-mediated NHE8 up-regulation. Our data indicated that SSTR2 agonist seglitide, but not SSTR5 agonist L-817,818, increased the NHE8 level in Caco-2 cells. Therefore, SSTR2 activation by SST plays an important role in SST-stimulated NHE8 expression in the Caco-2 monolayers infected with EPEC.
Moreover, it is well established that inflammatory stimuli could trigger major intracellular signaling pathways, such as the MAPK pathway, in particular p38 MAPK [34] . MAPKs which comprise ERK, p38, and JNK have been known to be involved in cell proliferation, cell survival and inflammation [35] . SST could trigger a range of intracellular pathways including sustained activation of MAPKs through coupling to its receptors. Of note, activated SSTR2 either stimulates or inhibits the MAPK activity, whereas activated SSTR5 could inhibit MAPK activity [36] . Our data indicated that SST could inhibit p38 phosphorylation in EPECinfected caco-2 cells, while no apparent change was observed with respect to the levels of phospho-ERK. Intriguingly, SST could stimulate intestinal NHE8 expression through activation of the p38 MAPK pathway under normal physiological conditions [20] . One possible reason for discrepant results is that SST might directly modulate the p38 MAPK signal pathway in a different way in response to the cellular environment and stimuli. Another possible explanation is that SST suppressed EPEC induced activation of p38 phosphorylation, on the consideration that EPEC has been shown to activate the p38 MAPK pathway [37] .
In conclusion, the present study demonstrated that SST could stimulate NHE8 expression in infectious colitis, which results in improving diarrheal symptoms and mucosal structure. Furthermore, SST exerts its anti-diarrheal effects by stimulating NHE8 expression through activation of SSTR2. Moreover, further study need to determine the downstream signal transduction pathway involved in SST-mediated NHE8 stimulation.
